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MICROSTRUCTURAL AND WEAR PROPERTIES OF SPUTTERCD CARUIDES AND SILICIDES

by 7. Spalvins
HASA Lewis Research Center
Cleveland, Ohio 44135

ABSTRACT

Sputtered CriyCy, ©rjSip, und MoSiy wear-
registant films (0,05 to 3.5 um thick} were deposited
on metal and glass surfaces. Electron tronsmisgion,
electron diffraccion, and scanning e¢lectron mlicros-
copy were used to determine the micrestructursl ap-
pearance, Strong adherence was obtained with these
sputtered films. Internal strcoses and defect crys-
tallographic growth structures of various configura-
tions within the film have progressively more unde-
airable effects for [ilm thicknecsses greater than
1.5 ym, Sliding contact and rolling-element bearing
tests were performed with these sputtered films,
Bearings sputtered with a duplex eoating {(0.l-ym-
thick undercosting of CriSip and subsequently 0.6-pm
conting of Mo52) produced marked improvement
(»10,5x107 cycles) over straight MoSy Films.

INTRODUCTION

To optimize wear resistance for functional me-
chanical components, varlous chemical processes and
coating technigues have been uvsed to obtain a hard,
adherent, dense surfacce layer or coating. One of the
most recent metheds that demonstrates great promise
for deposition of high-temperature compounds 18 sput-
tering, 1t nlso has a high degree of operaticnal
flexibilicy, Sputtering is essentially the only re-
liable direct method (without using binders} whereby
hard coatings such as carbides, nlerides, and pili-~
cides can be deposited on friction and wear surfaces.
Sputtering does not depend on the material melting
point or vapor pressure and can be directly applied
to surfaces without changes in composition. For me-
chaniecal systems that reguire close tolerances, sput-
tering offers the extraordinary ability to control
f11m thickness to a millionth of a centimeter,

The sputter deposition technique selected will
determine the mode of vear and the life of the coat-
ing, The factors involved arc adherence, coherence,
chemistry, and the nature of the coating growth mor-
phology. As with all surface coatings a possible
form of coating failure is early less of adherence to
the gubstrate, Under this condltion the coating may
not wear by normal, relatively slow attritien but
rather by a more accelerated wear mechanism wherein
coating spallation and delamination oeceur, The wear
debris formed under these pccelerated wear conditions
could act in an abrasive manner and thercby acceler~
ate the wear process. This type of coating fallure
can be avoided by sputter deposition, proper pretreat-
ment of the suyrface, and contrel of the coating con-
dicions.
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The wariouy wesr mechanisms {adhesive, sbrasive,
corrosive, surface fatigue, ctc,) have been deseribed
and evaluated in the literature (1,2}, Tie ohjoctive
of this paper is twofold: firat, to illustrate and
evaluate aputtered carbide (CryCs) and silicide
(CraSiy, MoSi3) coatings by electron transmisslon,
electron diffraction, ond scanning elcetzon microscopy
and to determine how such coating characteristics ag
adherence, coherenca, density, thickness, iptermal
stresses, and growth morpholopy affect the wear-
resistant coating; and second, to evaluate these sput-
tered coatinge under sliding conditions with a disk
and pin configuration and under relling conditions
with sputtered ball bearings.

APPARATUS AND PROCEDURE

The sputtering apparatus used in this astudy was
o radiofrequency~diode system with a superimposed
direct-current biass, as shown in Fig, 1. This appa-
ratus 15 described in reference (3). The sputtering
targets were 12,7-cm-diameter Craly, CrqSip, and
MoSip disks. The sputtering conditions were kapt con-
gtast with a radiofrequency power density of 3.5 W/ cm?
at 7 Mz and an argon pressure of 20 millitorr,

For the investigation of the micrestructural
properties of the above carbides and silicides, sub-
atrates of 304 stainless steel, copper, and glass were
used, Prior to sputter deposition, the metal surfaces
werg direct-current sputter cleined for 10 minutes,
The distance between the target and the specimen was
2.5 cm, A Chromel-Alumel thermocouple was imbedded in
the specimen, and the temperaturc was maintaiped at
145° C, The coating thickness ranged from 0,05 to
2 wm, These coatinge were examined by electron trans-
mission and electron scanning microscopy, Frictienm,
wear, and endurance of these sputtered carbides and
silicides were evaluated under sliding and rolling
conditions in vacuum, The sliding tests were conducted
in a high-vacuum friction apparatus with a pin and
disk econfiguratien as previcusly described (3).

The basic components of the apparatus are the
disk, a 6.35-cm~diameter flat, and a 4.75-mm-radius
rvider., The frictien tests were conducted at speeds
from 40 to B0 rpm, using loads of 50 to 250 grams in a
vacuum of 1072 torr,

The rolling tests were conducted with 204-size,
460C stainleas steel bearings (11 balls of 0, 7l4-cm
diameter with a radinl clearance of 0.0058 cm, & ball
pocket diameter clearance of 0,018 em, and a retainer
clearance of 0.028 e¢m), The bearing races and cage
were sputter coated wich a 0,l-pm-thick underlayer of
Cry8ip and subsequently sputtered with a 0,6-pu-rhick
HMoSs £4lm,



Thega pputtar-coated bearings were tested in a
bearing endurance test apparatus with the bearing
assepbly shown schematically in Fig, 2 (4). The
beaping assembly consista of two test bearings
mounted on a rotatable shaft, A speed of 1750 rpm
and a thrust load of 137,9 newtons {31 lbf) werae
applied to the bearings in a vacuum cnvironment of
10-8 torr. The running conditions of the bearings
were monltored by the motar current, and the endur-
ance life wao monicored by an automatic timer,

RESULTS AND DISCUSSION

vharacterlstles of Sputtered CriC2, CeaSi2, and
Masl, Fllms as Peposited

Adherence, Tha primary requirement for a wear-
resigtant coating is strong adherence. The degree of
adharence determines the life of the coating and the
mode of the vwear process. How the coating is at-
tached to the surface is more important than the vol=-
ume of coating present, Sputtered carbide, nitride,
ang silicide coatings have the advantage (over coat-
inga applied by other methods) of scrong adherence,
This advantage is cbtalned as a resule of such char-
acteristically unique features in the sputtering
technique as proper surface pretrestment {surface
etching) and biasing of the surface during sputter
deposition, During biasing, sputtered carbide coat-
ing formations have exhibited stronger adherence,
probably because the mixing of the backsputtered sub-
scrate material and the sputtered carbide forms a
graded interfoeial reglon, which 16 a highly desirable
able characteristlc for strong adherence. Carbide
and s{licide £ilms less than 1 um thick have resisted
laorge deformations without the layer flaking or chip-
ping, despite the fact that the cooting watevlal ls
particularly brittle in the bulk form.

Density. Electron transmission microscopy (ETM)
was used to determine the structure and grain size of
spuctered GriSiz and CriCz coatings about 0,05 pm
thick on copper. A typleal micrograph and its corve-
sponding diffractogram of sputtered Cr3Si2 are shown
in Fig. 3. The micrograph fllustrares that the film
has a continuous, homogeneous structure and is char-
acterized by broad, diffuse diffraction rings, which
indicates an amorphous structure. The estimated
average particle size was berween 1,5 and 4.5 nm,
Sputtered Cr3C2 wag very similar in microstructural
appearance to Cr3Sip. Electron diffraction indicates
the extremely small size and amorphous nature of the
particles, This extremely small particle size is
important in the compactability and high density of
the film, as well as its strength, Film strength is
related to the final grain size; the smaller the
grain size, the stronger the film, The extremaly
small particle size and the resultant high density
probably affect the wear particle generation in a
favorable way during the wear process (5).

Film thickness and stresses, Coantings that are
deposited on surfaces are usually in a state of me-
chanical strese, and this effect becomes even more
pronounced with hard surface coatings such as car-
bides and silicides, The total internal stress in a
coating can be expressed as follows:

Yeor = %1+ %th

where
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o, intrinsic atyeas produced during film deposition
9., thermal streas due to thermal expansion mismutch

Internol otresees are present to various degrees
in all films deposited, and they can be as large an
108 to 1010 dynen/em?, often larger than the yield
strength of the bulk material. Film streases vary
also with fllm thickness, and it has been observed
that thicker f£ilms produce greater shenr strosses at
the interface (6). Whenever the shear streps in
greater than the yield stress of tho Intetface region,
the £i{lm separates from the surface, By using this
particular condition wherein the shear strese cxceeds
the yield stregs as the critical valua for determin.
ing the thickneas of the fiim, the optimum thickness
can be predetermined, Using films of less than the
optimum thickness will prevent separation of the
film from tha substrate,

Sputtered Cr3Sig, MoSla, and Cr3Cp films adhere
strongly to both metal and glass substrates, Because
of this strong adhereonce, {ilm delamination or sepa-
ration oceurs within the coating as it increases in
thickness. Fig. 4 illustrates this cffeet where film
delamination oceurs in a sputtered CrqyCy film sbout
3.5 um thick.

Surface topography. Surface topography of the
aubptrate and coating has & proncunced effect on the
wear mechanism, It is impossible to prepare surfaces
that are atomically smooth over an appreciable area.
Macrodefects ecan be eliminated; however, microdefects
such ns dislocations and point and extended defects
limit the best surface obtainable., Various unusual
erystallographic defect growth features are formed in
the matrices of the sputtered carbide and silicide
films,

Typlecal SEM pderographs in Fig., 5 show the sur-
face views and a fracture crosg section of the coating,
The exact configuration and dimensions of the nodules,
whether they are individunl, fused, overlapping, or
extreme localized grawth features forming unusual come
plicated configurations are shown in Fig, 5. The sur-
face morphological compositien as revealed by the
higher SEM magnification is composed of individual
crystallites as shown in Fig., 6, These crystallites
have a spherical shape and are about 0,6 um in diam-
eter.

As the film thieckness incresses, so dees the size
of the crystallographic defects, Surface irregulari-
ties or imperfections are the preferential nucleation
and growth sites of the sputtered films, At these
nucleation sltes, accelerated growth occurs relative
to the matrix growth. As a consequence the crystallo-
graphic defects extend above the matrix surface. A

~ distinet separation or mismatch boundary is formed

between these crystallographiec defects and the matrix,
These distinct boundaries are the weakest areas in the
coating, and it will have a tendency to break around
the nodule edges.

The defeect styuctures act ags stress ralsers in
the £ilm, When these sputter-coated surfaces come in
contact during sliding or rotation, the crystallo-
graphic defects can initiate cracks in the film or may
simply be ejected, leaving a cavity. The size of
these defectg can have a pronounced effect on the me~
chanical properties and the friction and wear charac-
terdsties of the film, They are potential sources for
producing damaging abrasive wear particles, This is
particularly true in fretting, where two surfaces have
oscillatory relative motions of small amplitude, as
for example in shrink fits, spline couplings, and



bolted joints. It io also Important to racognize
that the diametor of theue nodules increagses oo the
film thicknags increases, A high concentration of
these cavities createa parosity and eventually
wookens the film structure,

Friction and Endurance Tests with
Sputtered CrqCz and Cr3Sip

Sliding friction tests, Fig, 7 comparcs the co-
efficicnts of frictlon for a 440C stainless stecl
rider sliding on p 440C disk with O0.2~pm-thick sput-
tered Cr35ip and Cr3Cp films, vespectively, as a
function of applied loads from 50 to 250 p. The
tests werc conducted in a vaecuum of 10°% torr with a
sliding aspeed of 80 rpm. Under fdentiecal experimen-
tal conditions, the Cr3Cz £ilm hod a coeffiecienc of
friction from two to three times higher than that of
the Cr3siy film, A typlcal wear track for sputtered
CriCy on a 440C disk run at 250-p load and speeds of
B0 rpm for 5 minutes ig shown in Fig., 8, Wear damage
can be oabserved on the .lght side of the wear track,
When the wear debris of the film was examined by SEM,
besides the film fragmeants that appear planar,
sparsely seattered spherical balls were olso seen
(Fig. 9}. Ac this time it {s difflcult to explain
the exact gource ar reasens for thelr formation; how-
over, two roasons can be offered: (1) the reduction
in surface energy of the deformed wear particles to a
lower energy state favors the sphavical shape, and
{2) spherical crystallites moy be dislodged from the
surface (Fig, 6) as can be seen by observing the sur-
face structure of the £ilm,

Bepring teste with sputtered underlayer of
Cr35i2 covered with sputtered MoSz fiim. A series of
bearing cnduraice tests were conducted where the
races and cages were sputter coated with a 0.l-pm-
thick underlayer of Cr38iz film and subsequently cov-
ered with a sputtered HMoSs [ilm about 0.6 um thick.
This combination showed a significant improvement in
endurance over bearings that were spucter coated di-
rectly only with a 0,.6-pm-thick film of MoS;. A com-
parison of these endurance lives {s shown in Fig. 10,
The endurance life with the Cr3Sip underlaver was
over 1000 hours, as compared with 187 hours for the
directly sputtered MoSp films. Since 1000 hours
(10.5?‘107 cycles) was selected as the maximum endur-
anee limit, the tests were discontinued once that
limit was reached. The CrjSiz underlayer was applied
B0 48 to cont the bearing surfaces with a very hard,
thin, glassy, surface finish, The primary objective
was to contour the surface asperities with a uniform
adherent film that would act as & barzier to the
movement of dislocatione during asperity deformation.
This was anticipated to have a tendency to hinder di-
rect metpl-to-matal contaoct, which otherwise could
occur and lead to metallic seizure.

SUMMARY OF RESULTS

The microstructural appearance of sputtered
Cr4Cp, CraSip, and MoSiy films sa evaluaced by elec-
tron transmigsion, scanning electron wicroscopy,
actual sliding contact, and rollirg-element bearing
tests revealed the following resulis:

1. The sputtered silicide and carbide films ad-
heved strongly to the substrate.

2. The partiecle size of the sputtered film con-
tributes to its high density and strength,
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3, Intornal stresses become more apparcat with
film thicknesses {n uxcess of 1,5 um,

4, Depending on the substrate topograpity, ¢rys-
tollographic defect structurcs ean be formed In the
matrix, These defect structures are detrimental te
frietion and wear surfoces,

5, During wliding friction, Crifiz films ex-
hibited a coefflciont of friction two to three times
lowar than that of Cr3Ca.

6. Bearings coated with 0.1 pm of Cry8ip and
subsequently with 0,6 um of MoS2 had considerably
tonger (flvefold} endurance lives than bearings sput-
tered with only MoSy.
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-TEST BEARINGS-. _

SPRING-LOADED
COILS

Fig. 2 - Schematic of vacuum bearing endurance assembly.

Fiqure 3. - Electron transmission micrograph and diffractogram of sputtered
Cr4S5i, on copper.

Figure 4, -

Separation within a 3.5 pm film of sputtered CryCo.
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Fig. 7. - Coefficient of friction as
function of load for 440C rider
sliding on 440C disk with sput-
tered Cr4C and Cr35i2 Film
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Figure 8, = Wear track of sputtered CraC, on 440C disk,
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Figure 9. = Vvear debris of sputtered CryCo film,
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Fig. 10, - Endurance lives of 440C
stainless-steel ball bearings with
sputtered MoS» films on races
and cage - with and without a
Cr4Siy underlayer,
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